during prolonged viewing. On the other hand, in anesthetized animals, the relative position of the two eyes cannot be known, so that the binocular disparity is basiChristopher C. Pack,* Richard T. Born, and Margaret S. Livingstone Harvard Medical School cally unknown. Both of these difficulties can be overDepartment of Neurobiology come by using rapid stimulus presentations while ani-220 Longwood Avenue mals are awake and fixating (Cumming and DeAngelis, Boston, Massachusetts 02115 2001). The stimuli are presented at random positions within the receptive field, and a reverse-correlation analysis of second-order interactions (Szulborski and Summary Palmer, 1990) can then be used to determine the neural selectivity for disparity. The result of this analysis is a The analysis of object motion and stereoscopic depth high-resolution map of the receptive field's binocular are important tasks that are begun at early stages of interaction substructure, which in turn provides a picture the primate visual system. Using sparse white noise, of the receptive fields of afferent neurons. we mapped the receptive field substructure of motion
Figure 1. Stimulus Procedure for TwoDimensional Mapping
(Upper left) Two small squares were presented during each frame at random positions within a predetermined range (large square) in the cell's receptive field (circle). For directional interaction maps, one square was white, and one was black. For binocular disparity maps, one square was visible to the left eye (red), and one square was visible to the right eye (blue). The monkeys maintained fixation on a small target while the stimuli were presented. For MT cells, the receptive field was typically much larger than the stimulus range.
al., 2001
). Our findings suggest there are cells in both stimulus presentations. Spikes were then reverse correlated with the difference in position of two different stim-V1 and MT that integrate spatial and temporal disparity uli, one of which we refer to as the reference stimulus, cues. This type of integration may be a substrate for a and the other as the probe stimulus. The reference stimperceptual effect known as the Pulfrich phenomenon ulus was defined for each spike as the stimulus that (Pulfrich, 1922) .
preceded the spike by a fixed correlation delay (the time to peak response-usually 40-60 ms). The other, probe Results stimulus was either the other stimulus in the same frame, for disparity interaction mapping, or one of the two stimTwo-Dimensional Spatial Interactions uli in the immediately preceding frame, for directional Neurons were first screened with drifting bars or dots, interaction mapping. Activity was mapped as a function and if they exhibited both direction and disparity tuning, of probe stimulus position minus the reference stimulus they were further characterized using the one-and twoposition, in 2D retinal coordinates, with the horizontal dimensional sparse noise stimuli (Szulborski and axis corresponding to the horizontal separation, and the Palmer, 1990) depicted in Figure 1 . Such cells, which vertical axis corresponding to the vertical separation. were easily found in both V1 and MT, were then studied Thus, position (0,0) represents occasions when the two with white noise. All the neurons included in this study stimuli fell in exactly the same location. To generate the responded well to white noise, yielding clear and reliable direction interaction maps, we added the responses to interaction maps. The receptive field diameters ranged same-contrast stimulus sequences (white-to-white and from 0.3Њ to 1.3Њ in V1 and from 3Њ to 10Њ in MT. In black-to-black), and subtracted opposite contrast retotal, we obtained complete one-and two-dimensional sponses (black-to-white and white-to-black), as dedisparity and directional maps from 25 (Figure 1, right) , the animals wore goggles by a probe stimulus in which a spot of the same contrast containing a differently colored filter over each eye, and appeared to its left and downward. Conversely, the opthe stimuli were colored so that each square was only posite stimulus sequence suppressed the response, as visible to one eye on each stimulus presentation. The indicated by the bluish regions upward and rightward luminances of the squares were adjusted so that they of the map's origin. Both the red and blue regions also were equally bright when seen through their respective contain contributions from opposite contrast (white-tofilters. 1D maps were obtained using a similar protocol, black and black-to-white) sequences, as described in but the stimuli were bars instead of spots, and the posiLivingstone et al. (2001) . Figure 2B shows the directional tions were constrained to lie along a line perpendicular tuning measured with a standard moving bar stimulus. to the bars' orientation. The bar orientation was chosen Here the peak response occurred for motion to the right to match the preferred orientation of the neuron under and slightly upward, in good agreement with the direcstudy. Disparity and directional interactions were meational preference found in the interaction map. sured separately, in sequential stimulus runs.
A binocular interaction map for the same cell is shown By presenting stimulus sequences like those in Figure in ), This preference for crossed disparity means that the so it seems likely that the structure of the subunits emcell should respond best to stimuli that appear to be in bodies a principle by which these neurons select and front of the plane of fixation, and indeed such a preferorganize their feedforward inputs. We therefore made ence is observed. Figure 2D shows a more conventional quantitative measurements of the subunit structure for disparity-tuning curve, for the same cell, obtained with all of our interaction maps. flashed bar stimuli. The best response occurred for near Inspection of Figures 3A and 3D suggests several disparities, and suppression was evident for far dispartypes of measurements that could be of interest in unities.
derstanding the functional properties of this MT cell's Figures 3A and 3D show a pair of maps obtained receptive field. First, as we mentioned previously, the from an MT cell, again using the stimulus configuration angle at which the center of the facilitatory region (the depicted in Figure 1 . For this cell, and for many others, bright red region) occurs suggests a motion preference it was possible to obtain reliable disparity and directional (in this case up and to the left), which should be reflected interactions between stimuli that were displaced by only in the cell's tuning for more conventional stimuli. We one pixel on the monitor (0.06Њ). This is remarkable concan therefore compare the angle between the facilitatory sidering that the MT receptive fields were typically on center and position (0,0) in such maps to the cell's actual the order of 100 times this size. Nonetheless, the conpreferred direction. Second, the distance of this peak ventional directional and disparity tuning for bar stimuli from the (0,0) point gives us an indication of the spatial shown in Figures 3B and 3E To obtain objective, quantitative descriptions of the binocular and directional subunit structure in V1 and in refer to these interaction maps as subunits. We first examined the hypothesis that the orientation cells' preferred motion direction, although a few cells deviated somewhat from this tendency. As in V1, the of the V1 subunits was perpendicular to the angular position of the centers. That is, subunits centered on tendency for the subunit orientation to be perpendicular to its position was highly significant (p Ͻ 0.001; angularthe horizontal axis of the interactions maps should have vertical orientations, those centered on the vertical axis angular correlation); however, the same was not true of the binocular subunits. The tendency for the orientations should have horizontal orientations, and so forth. The difference between the subunit orientation and angular of the disparity subunits to be perpendicular to the angular positions of the disparity subunit centers was much position is shown graphically by the intersections of the solid and dashed oblique lines in Figures 3C and 3F. weaker and did not reach significance (angular-angular correlation, p Ͼ 0.2). This is shown in Figure 5B . HowFor this analysis, we excluded six V1 cells because the Gaussian fits did not indicate that the major axis of ever, the orientation of the disparity subunits did tend to be perpendicular to the positions of the directional the fitted ellipse was at least 50% longer than the minor axis. For the remaining 19 V1 cells, the subunit orientasubunits. Figure 5C shows this relationship between the centers of the directional interaction and the orientation tions were well predicted by the positions of the centers. An angular-angular correlation revealed that the orientaof the corresponding disparity subunit for the same 21 MT cells. This relationship between the disparity subunit tions of the directional subunits were generally perpendicular to the position of the centers of the directional orientations and the directional subunit positions was statistically significant (angular-angular correlation, p Ͻ interactions (p Ͻ 0.01). Similarly, the orientations of the binocular subunits were perpendicular to the positions 0.02). Moreover, the orientations of the directional and disparity subunits were well correlated with each other of the centers of the binocular interactions (p Ͻ 0.01). However, because the V1 subunits for direction and (angular-angular correlation, p Ͻ 0.001). The histogram in Figure 5D shows the difference between the subunit disparity tended to cluster close together, we cannot say whether the subunits' orientations are determined orientations for disparity and direction for the MT population. The distribution is centered near zero, with a by direction, disparity, or some combination of both. We can only say that their orientations are reasonably mean absolute angular deviation of 22.6Њ. Thus the orientations of the MT subunits for disparity and direction close to being perpendicular to their angular positions. are quite similar and tend to be linked to each cell's of the correlations between the disparity and directional subunits. direction preference. Indeed, both of these tendencies can be observed in the example MT cell shown in Figure  3 , where the subunit orientation is perpendicular to the
Space-Time Interactions
The measurement of spatial disparity becomes probposition of the motion interaction ( Figure 3A) , but not to the position of the disparity interaction ( Figure 3D ). In lematic for objects moving at high velocities because a rapidly moving object stimulates each retinal position addition, close inspection of Figures 3A and 3D reveals another typical feature of the maps: the binocular subvery transiently. In this situation, the visual system seems to make use of the fact that an object moving in unit was slightly more vertically oriented than the directional subunit. In this case, the binocular and directional depth also generates a temporal disparity (Morgan and Castet, 1995) . That is, a moving object will stimulate subunit orientations were 37Њ and 53Њ from vertical, and a similar trend is apparent in the population in Figure  corresponding points on the two retinas with some interocular delay, and this cue is sufficient to generate a 5C. Thus the orientation of the MT subunits appears to reflect a compromise between the directional and robust percept of depth, even in the absence of spatial disparity (Burr and Ross, 1979). A dramatic example of disparity centers, but one that is weighted toward the directionality of each cell. the interplay between spatial and temporal disparities is manifested in a class of perceptual phenomena known Because the directional stimulus was binocular, it is possible that the correlation between the orientations as Pulfrich effects (Pulfrich, 1922) . The basic Pulfrich phenomenon can be observed by watching a pendulum of the directional and disparity subunits was due to disparity energy present in the direction mapping stimuswinging back and forth in a plane perpendicular to the line of sight. If one eye's view is slightly delayed, for lus. In particular, visual persistence of the probe stimulus from one frame to the next might lead to spurious instance by a light-attenuating filter, the pendulum appears to follow an elliptical path in depth (Figure 6 ). correlations between the directional and disparity subunit structure. We therefore performed a control analysis A simple explanation for this phenomenon is that the temporal delay introduces a spatial disparity between in which we calculated the subunits for monocular direction maps. These maps were obtained by reverse correthe views of the pendulum in the two eyes. In Figure  6A , this is represented as the horizontal displacement lating the spike trains used to compute the disparity maps with the positions of the stimuli in one eye on of the black diagonal lines relative to the red diagonal lines. If the brain interpreted this horizontal displacesubsequent frames. This analysis yielded elongated directional subunits in at least one eye for 16 MT cells. ment as a spatial disparity, a percept of stereoscopic depth would naturally result. However, this explanation The same tendency was observed for the monocular directional subunits as for the binocular directional subis not sufficient to explain the percept in Figure 6B where the stimulus is a series of spots flashed stroboscopically units: both the directional and disparity subunit orientations were perpendicular to the angular position of the with a slight delay between the two eyes. Because only one monocularly viewed spot is present at any instant, direction subunits (p Ͻ 0.05, angular-angular correlation), and the disparity subunits were not perpendicular there is no spatial disparity, and so the resulting illusory percept of depth (Burr and Ross, 1979) must depend at to the disparity subunit positions (p Ͼ 0.2, angular-angular correlation). We conclude that the binocular nature least partially on a neural mechanism that is sensitive to temporal disparity. of the directional mapping stimulus was not the cause maps obtained from a V1 cell (top) and an MT cell (bottom). Both cells preferred near disparities and were relatively unresponsive to nonzero interocular delays. As a result, these cells can encode depth only through spatial disparity. Figures 7B and 7C show V1 (top) and MT cells (bottom) that were more sensitive to temporal disparities. The space-time slant evident in these maps means that these cells responded strongly to specific combinations of spatial and temporal disparities. As a result, they would not be able to distinguish a temporal delay anesthetized cats. In fact their distribution of V1 TDIs appear along a line parallel to the preferred null axis of was quite similar to our distribution of TDIs in MT. We motion. The analysis was conceptually similar to that cannot say whether this discrepancy is due to species used in the 2D maps-an optimal correlation delay was differences (monkey versus cat), differences in behavfound, and the spike train was reverse correlated with ioral state (alert versus anesthetized), differences in the the positions of the reference and probe stimuli at that spatial distribution of stimuli (sparse versus dense delay. Spiking activity was mapped as a function of the noise), or temporal differences in the rate of presentation relative positions of the reference and probe stimuli, of stimuli. The latter possibility seems unlikely because irrespective of their actual positions in visual space.
we tried a variety of different presentation rates in our Space-time maps were generated by reverse correlating V1 population, ranging from 14 to 100 ms presentations, the spike train with pairs of stimuli separated by different without observing any obvious difference in the TDI. temporal intervals. Specifically, we reverse correlated However, at present none of the above possibilities can each spike with the positional difference between the be ruled out. reference stimulus and each of four preceding probe A previous study in alert macaque V1 (Perez et al., stimuli, spanning a total of 112 ms. The results were 1999) reported some cells that were tuned to nonzero examined as a function of both time and one-dimentemporal disparities for stimuli presented at zero spatial sional space. disparity. Our findings do not contradict this result, but Figure 7 shows examples of this kind of analysis in when we examined the V1 and MT tuning to both spatial three neurons from V1 (top) and three neurons from MT and temporal disparities, we found that the peak re-(bottom). In each panel, the x axis indicates the binocular sponse always occurred at zero temporal disparity, ofdisparity between the reference and probe stimulus, ten in conjunction with a nonzero spatial disparity. A and the y axis indicates the interocular delay between stimulus presentations. Figure 7A shows each neuron's preferred motion direction. In contrast,
The 1D mapping stimulus consisted of two bars presented at random positions along a 1D stimulus range parallel to the preferred orientation preference is unrelated to disparity tuning in
